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Different methods are used to determine the fracture
mechanics parameters, and the Nakayama method is chosen as
the most suitable. The Nakayama method is used to deter-
mine the surface energies (real and effective) of neat
cement paste, mortar and concrete, so that the effects of
coarse and fine aggregate on the surface energy of neat
cement paste is better understood. It is found that the
introduction of aggregates increases the effective surface
energy thereby increasing the toughness of the paste. The
aggregates do not affect the real surface energy to any
great extent, proving that concrete fails through the paste
and the aggregate-paste interface but not through the aggre-
gate. Increasing curing period and decreasing water/cement
ratio in general have beneficial effects on the real and
effective surface energies.
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INTRODUCTION
In the past, the fracture of plain concrete has been
studied on the basis of static strength rather than on the
basis of failure mechanism, i.e., crack propagation; or, on
the phenomenological level rather than on the structural
level. Recently, the technique of fracture mechanics has
been applied to concrete to determine the necessary condi-
tions for the rapid propagation of an existing flaw. It is
hoped that this will provide a better understanding of the
failure of concrete, and also shed some light on the low
tensile strength of concrete and suggest ways of improving
this low tensile strength.
Materials in general fail at much lower stresses than
those predicted from considerations on a structural level.
This is due to the presence of flaws or cracks which cause
local concentrations of stresses. There are inherent cracks
in concrete even before application of load, and the failure
of concrete is due to the propagation of these cracks. The
application of fracture mechanics to a heterogeneous material
like concrete is complicated by the fact that there are three
distinct phases in concrete, viz. the cement paste, the aggre-
gate and the aggregate-paste interface. Each of these phases
has different properties, e.g. the surface energy of each will
be different. The aggregate is generally stronger than the
paste and the aggregate-paste interface. Therefore to im-
prove the strength of concrete one must first understand the
strengths of the paste and the aggregate-paste interface
bond. However, the strengths of the paste and the aggregate-
paste interface are dependent on their surface energies,
which is a measure of the resistance of a material to the
-6-
initiation of the fracture process.
In this thesis the effect of fine and coarse aggregate
on the surface energy of cement paste is investigated. To
do this the surface energies of neat cement paste, mortar
and concrete are determined. Also the effects of coarse
and fine aggregates on other desirable properties such as
ductility and toughness are discussed; and the effects of
water/cement ratio and curing period on the surface energy
are presented.
-7-
REVIEW OF LITERATURE
General Considerations of Fracture and Strength.
One of the principal aims of the theories on behavior of
materials is to relate the observed behavior of a material
to the theoretical behavior as predicted from considerations
on a molecular or atomic level.
The theoretical strength of an elastic material is de-
pendent on the forces of molecular cohesion within the materi-
al. The fracture of the material under stress involves the
rupture of those bonds which intersect the plane defined by
the growing fracture surfaces. The tensile or cohesive
strength of solids calculated from the atomic theory has been
found to be from 100 to 1000 times larger than the observed
values.
The discrepancy between the theoretical and observed
strengths can be attributed to the assumption, implicit in
the theoretical analysis, that the stress due to the applied
load is uniformly distributed throughout the sample. In gen-
eral, however, the sample is not physically perfect; struc-
tural imperfections arise either as a result of the nature of
the material as in crystal defects, or as a result of mechani-
cal handling or fabrication procedures, e.g. cracks and
scratches.
These imperfections locally affect the stress distribution
in the body and result in the low observed strength. In an
isotropic medium, the failure point is reached when the larg-
est defect increases in size, and it is necessary to define
the condition of stress at which this occurs. Two approaches
are possible.
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From the stress distribution equations, it is known that
the local stress in the vicinity of a flaw is higher than
the average value throughout the body. Thus when the applied
load is increased, the stress at this point reaches a limit-
ing value corresponding to the "true" strength of the materi-
al while the average stress is still comparatively low. Then
local failure will occur causing the defect to increase in
size which, in turn, results in an increase in the local
stress. Consequently, the system-becomes progressively less
stable and rupture ensues.
Alternatively, the energetics of the system may be con-
sidered, the criterion for failure being defined in terms of
the condition under which the total energy of the (conserva-
tive) system decreases with increasing flaw size. The condi-
tion that the system be conservative demands that when it is
subjected to constant imposed stress, allowance must be made
for the work done on the system by the stress as the external
boundaries are displaced. In this energetic case as well,
flaw extension becomes increasingly favorable with increasing
flaw size.
The Griffith Theory of Brittle Fracture.
The influence of flaws on the stress field in a two-di-
mensional body was first treated by Inglis (2). The body con-
sidered was an infinite sheet containing a central elliptical
hole, the imposed stresses being applied at the external
boundaries of the sheet. An elliptical coordinate system was
employed, the boundary of the defect (in the undeformed con-
dition) was defined by the constant . This is related to
the dimensions of the corresponding ellipse by the relations
-9-
a = coh cs
b = c sinh
where a and b are the lengths of the major and minor semiaxes
respectively, and 2c is the interfocal distance.
Griffith (I) assumed that the defect was a line crack of
length 2c ( o:0). Two contirbutions to the energy of the
system were considered - the elastic strain energy of the sys-
tem u, and the surface energy T. The former arises from the
work done on the system by the imposed stresses, while the
latter arises from the energy required for the formation of
the fracture surfaces as the original defect increases in
size. Both contributions to the energy are functions of the
defect's size, and it is necessary to establish the nature of
this dependence.
The strain energy term was obtained from the equations of
the stress and displacement fields given by Inglis. In the
limit when the defect becomes a flat elliptic hole or a line
crack of length 2c (Figure 1), Griffith calculated the de-
crease in strain energy per unit thickness due to the forma-
tion of the crack to be
,t = 4' 2r C-U1-,/ for plane strain
E
5L- U for plane stress (2)
where O' is the applied stress.
The increase in the surface area of the system is 4c for
unit thickness of the plate. If the specific surface energy
is defined as that required for the formation of unit area
of fracture surface, the corresponding increase in the surface
energy of the system is
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Fig.1 Centrally Notched Flat Plate in tension
AU aT = 4YC-
/E
z/S/
RACK LENGTH C
-Requires -- -Releases
energy energy
Fig2 Energy curves
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6 T: 4 C (3)
Hence the change in total energy is
-= LU (4)
Griffith made the assumption that the system would become
unstable and the crack would increase in size if
0 A o CSee F;s e ) (5)
We. 2c d for plane stress.
Applying this criterion, the critical stress for failure is
found to be
_= ZE for plane strain
-ggy for plain stress
(6)
The Griffith theory has been modified and extended to in-
clude materials less brittle than glass. Irwin (3) and Oro-
wan (4) suggested that for materials where plastic flow pre-
cedes failure, unstable crack propagation can occur if the
zone of plastic strain is localized near the boundaries of
the crack. The Griffith theory should then be modified to
take into account the dissipation of strain energy in plastic
flow, and the surface energy term should include all contri-
butions to the energy dissipated as the crack advances, in-
cluding those which are not related directly to that re-
quired for the formation of new surface area. Thus equation
(6) becomes
-12 (7)
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in which W is the work caused by plastic distortion. The
P
plastic work term is orders of magnitude larger than the sur-
face energy term for most metals.
The Irwin Theory of Brittle Fracture.
Irwin (5, 6) adopted a related but somewhat different ap-
proach to the flaw hypothesis. He considered the stress field
in the immediate vicinity of the tip of the flaw, which he re-
garded as a line crack of zero thickness as in the Inglis mod-
el. The appropriate stress functions for such a model are
those of Westergaard (22), which have been given for a variety
of crack and stress systems. At a point A near the leading
edge of a linecrack, the stresses normal and parallel to the
crack plane are given by
CZ- L : (8)
where t represents a radius from the crack tip to the point
in question, and 8 is the angle formed by the radius and the
x-axis. The coordinates are as shown in Figure 3. The form
of the above equation is independent of the nature of the
stress functions used, thus it is applicable to a wide range
of crack configurations and stress systems. The parameter K
is designated the "stress intensity factor" and is related
only to the loading and geometry of the system.
Irwin calculated the decrease in strain energy of the sys-
tem for a unit increase in crack length to be
-13 (9)
-13-
Fig.3 Coordinates at the leading edge of the crack
t * tf
Smax. 2G W
Fig.4 Stress Concentration at a Notch
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This corresponds to the strain energy derivative in the
Griffith theory. In this case the change in strain energy
is obtained by considering only the stress field in the im-
mediate vicinity of the crack rather than that which obtains
over the entire model. In the Irwin theory, the quantity
:= 1~i is designated the "strain energy release rate" or
E
crack extension force.
In the Griffith theory the strain energy derivative is
equated to the surface energy derivative in the instability
criterion to give the value of the critical imposed stress
for failure. In the Irwin theory, the strain energy is not
equated to a surface energy derivative since Irwin has em-
phasized that the term includes all contributions to the
energy dissipated as the crack advances, including those
which are not related directly to that required for the forma-
tion of new surface area.
The value of K can be calculated theoretically by stress
analysis for various loads, crack lengths, and geometries.
In the Inglis model employed by Griffith
K- :G- (10)
C T IP C (11)
This corresponds to the Griffith equation if G2 .
Irwin designated the strain energy release rate at onset
of unstable crack propagation as C, , the critical strain
energy release rate. He suggested that if two different load
systems produce the same stress environment near the leading
edge of a crack, then the influence on crack extension should
be similar. This would suggest that 6 is a fundamental
-15-
property of the material in the same way as the modulus of
elasticity is so regarded.
Limiting-Local-Stress Criterion for Fracture.
Earlier the condition of instability was considered from
the energy viewpoint. A second criterion which may be adopted
is that local failure occurs when the local stress attains a
particular limiting value, corresponding to the true strength
of the material. Since the local stress attains its highest
value in the vicinity of the tip of a flaw, it is at this
point that fracture initiates.
Inglis (2) has found that the stress concentration due to
a flaw is essentially independent of its location, at the
center or edge of a sheet, and of the details of its shape
and is given by
"> p (Figure 4) (12)
where: G = applied stress
C = 1/2 crack length
P= radius of curvature of
crack tip
Orowan pointed out that physically the minimum radius of
curvature at the tip of a crack is of the order of magnitude
of the inter atomic spacing, a.
The theoretical or "true" strength of the material is
given by
(13)o-
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Thus for fracture to occur
__ (14)
The stress required for fracture obtained by the Griffith
theory is
The difference between the two values is relatively small and
is well within the accuracy of assumptions made within the
Griffith theory.
Application of Fracture Mechanics to Concrete.
In the past, the failure of plain concrete has been
studied on the basis of static strength rather than on the
basis of failure mechanism, i.e., crack propagation; or to
put it another way, on the phenomenological level rather than
on the structural level. Recently, the technique of fracture
mechanics has been applied to concrete to determine the
necessary conditions for the rapid propagation of an existing
flaw.
Application of the Griffin-Irwin theory to concrete de-
pends upon the assumptions that (1) the laws of elasticity
for homogeneous continuous materials can be applied to the
case of microscopic cracks at which level concrete is both
heterogeneous and discontinuous, and (2) the values of the
elastic modulus E and the specific surface energy Y are
-17-
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constant throughout the material. It is assumed that the con-
crete has average values of E and V to satisfy the second
criterion. Since relatively thick sections of concrete are
normally used, plane strain conditions prevail.
To date, the fracture of concrete has been studied from
three aspects: the critical strain energy release rate G
the critical stress intensity factor K , and the fracture
surface energy . These parameters can be regarded as
fundamental properties of the concrete, and will depend on
such mix parameters as volume fraction, size, shape and sur-
face texture of aggregate, water/cement ratio and degree of
hydration.
There are numerous methods suggested for determining
these parameters e.g.
1) Flexural tests on notched beams.
2) Simple tension tests on notched plates.
3) Cleavage techniques.
4) Compression tests on imposed cracks.
Of these methods, the flexural test on notched beams has
been found to be the most suitable for concrete. The notch
represents a flaw of known size where fracture initiates.
The notch also helps to promote a controlled stable fracture.
When a notched beam is loaded in flexure, the region around
the notch is highly stressed while the rest of the beam is
at a much lower stress level. The energy stored in the beam
is very limited and when fast crack propagation commences
the stress level rapidly drops. In order to accomplish
fracture, the stress must be maintained by following up with
the loading machine and so the fracture can be controlled.
In an unnotched beam the energy stored in the beam is
-18-
sufficient to maintain a constant stress level when fast
propagation takes place so that fracture can take place
spontaneously.
The following is a review of some of the work done in
applying fracture mechanics to concrete:
(1) Critical Strain Energy Release Rate G.
c
The first application of fracture mechanics to concrete
was carried out by Kaplan (8). He measured G for notched
c
beams tested in bending.
Two methods were used:
(a) Analytical Method by Winnie and Wundt (9).
This method uses stress analysis procedures to de-
rive a mathematical relationship for G in terms of the
dimensions of the test specimen, depth of crack, applied
load, and modulus of elasticity. A test is done in
which a gradually increasing load is applied to a notched
concrete beam until a stress level is reached which re-
sults in rapid crack propagation. G may then be cal-c
culated from the following relationship
O n2 h(1- 2) c
G = E f() (15)
Mb
where O ='  = nominal stress at root of notch.
n 2
Mb = bending moment at the notched section per
unit width of beam.
d = overall depth of beam.
h = net depth = (d - c).
c = depth of notch.
c c
f(d) = factor depending on .
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(b) Direct Experimental Method by Irwin and Kies
(10, 11).
The critical strain energy release rate is given
by:by:G =F2 dl (6)
c dc
where F = breaking force.
L = compliance.
The method consists essentially of measuring the
change of compliance L as a function of crack length
and the breaking force.
The results indicated that the concept of a criti-
cal strain energy release rate G being a condition for
c
rapid crack propagation and consequent failure is ap-
plicable to concrete. Glucklich (20) obtained similar
values for G and concluded that G is a material con-
c c
stant, just as the modulus of elasticity E is regarded,
for concrete. However the values of G for concrete
c
have so far been obtained from flexural and direct ten-
sion tests, i.e., those that cause failure by a cleavage
or tensile splitting mode. It would be expected that
G will have different values when failure is by shearc
e.g. in a compression test. Glucklich (27) obtained
different relations for G in tension and compression.
c
Thus G depends on the state of stress.
In principle it is possible to predict crack ex-
tension with a knowledge of the largest expected crack
extension force G. Limitations in application, however,
arise from the fact that convenient solutions for G
are not available for a wide variety of situations.
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(2) Critical Stress-Intensity Factor K
c
It was shown earlier that the stress intensity fac-
tor K is related to the loading and geometry of the struc-
tural element, and is also related to the strain energy
release rate G. There is an advantage in referring to K
and K rather than G and G because the total K-value due
c c
to superimposed stress fields is a linear addition of K-
values related to the individual stress fields. Thus if
different load systems Q1 Q2...Qn act on a body, the
total stress intensity factor, which governs the behavior
of a crack in the body is given by
K =+ K K ....... + K (17)
in which K1 is the K-value associated with loading Q1'
and a minus sign indicates that the loading system tends
to close the crack. Equation 17 also assumes the same
crack extension mode for each loading system.
Lott and Kessler (12) obtained the critical stress
intensity factor Kc from the relationship
6M 2d h
K = -2( ( ))bd d
c
where h( ) is a function of c and d
h() = 10.08) 2 - 1.225 ( +)  0.1917
and the notation used is the same as that used by Kaplan.
Lott and Kessler (12) suggested that in cement paste,
a zone of microcracks forms near the crack tip. This
microcracking increases the resistance of the paste to
crack propagation. As the crack grows, the zone of micro-
cracking increases in size until it reaches a limiting
-21-
size when rapid crack propagation occurs. The critical
stress intensity factor K at rapid crack propagation
is assumed to be a property of the paste. However the
application of fracture mechanics to concrete is more
complicated because of the heterogeneity of the con-
1
crete. A pseudo-fracture toughness K may be obtained
by treating the concrete as a homogeneous material.
1K is related to the fracture toughness of the cement
c
paste and to the arresting action of the aggregate.
1K = K + f(ARR) (18)
c pc
where f(ARR) is an arresting function that is dependent
on the properties of the matrix and of the aggregate.
1It was shown experimentally that K for concrete
c
increases with an increase in coarse aggregate content,
illustrating the crack-arresting effect of the coarse
1aggregate. The water-cement ratio has no effect on K
In determining G and K above, no account was takenC c
of slow crack propagation prior to fracture and the depth
of the crack at instability was assumed to be the notch
depth. Using a staining technique, Kaplan (8) found that
slow crack propagation had taken place prior to rapid
crack propagation and the size of the crack at instability
was larger than the notch-depth. The effect of the kinetic
energy associated with the velocity of crack propagation
must be taken into account. Dulaney and Bruce (16) have
shown that the Griffith theory can be extended to include
this effect.
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(3) Fracture Surface Energy .
According to the Griffith theory, the tensile
strength of a material depends on the surface energy as
shown in equation (6). Thus the surface energy may be
regarded as a measure of the resistance of a material to
the initiation of the fracture process. It is a more
satisfactory index of the limiting tensile properties of
a material than the tensile strength since it is inde-
pendent of the local characteristics of the sample. It
is also independent of the nature of the mechanical sys-
tem used to determine its value. Berry (7) found that
the observed value of the surface energy for steel was
much larger than that calculated theroetically. He at-
tributed this to the energy dissipated in inelastic
processes which occur under the influence of the high
stresses at the tip of the flaw. In using the Griffith
theory, it is common practice to use the value of the
surface free energy for 6 . This assumes that the only
energy-absorbing process in fracture is the production of
new surface, and it does not allow for plastic flow, or
any other energy-absorbing process that may be inseparably
connected with fracture. , the fracture energy or the
energy absorption as a crack grows through a material can
be measured by a method proposed by Nakayama (13). Tat-
tersall and Tappin (14) have shown that this method can
be used when the mode of fracture is stable or semi-
stable, but not when it is catastrophic (Figure 5). In
catastrophic fracture, the fracture energy calculated by
this. method would be excessive, because some of the
energy supplied by the external force would be consumed
by other forms of energy e.g. the kinetic energies of
-23-
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Fig.5 Typical Load-time Curves
representing (A) catastrophic
(B) semi-stable
(C) stable fractures
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of bond cracks
negligible bond cracls
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Fig.6 Diagramatic Stress-strain Curve of Concrete
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fragments. The Nakayama method for the measurement of
surface energy is based on the assumption that the energy
expended to induce a stable fracture is equal to the sur-
face energy of the newly formed surfaces,
i.e., U = 2A * (19)
where
U = measured input energy
A = fractured surface area
Y= surface energy per unit area
The surface or fracture energy thus computed is the
energy consumed by the formation of a new surface of
unit area in the fracture process; it includes thermody-
namic surface energy and the energy dissipated by plastic
deformation at the tip of the crack. For ideally brittle
material, the fractured area is equal to the cross-sec-
tional area of the specimen. However in concrete, the
fractured surface area may be larger than the geometrical
cross-sectional area of the specimen because of the mean-
dering paths of the crack and the secondary fractures
along the main crack. The effective fracture energy may
be computed as
Yeff. 2AU (20)2A
o
where A is the cross-sectional area of the specimen.
o
This effective fracture energy is useful when comparing
specimens with similar cracking patterns. To compute the
actual fracture energy, the area of the new surface formed
must be known. This can be estimated by quantitative
microscopy in which the new area formed can be obtained
by studying the cracks on the fracture surface. Kaplan (8)
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has shown that the total energy released is approximately
twelve times the newly formed surface energy in the main
crack. This would suggest that the total new surface
area is twelve times the surface area of the main crack
alone.
So far there has been no published work on the
measurement of the surface energy of concrete by the
Nakayama method. However in recent work done at M.I.T.
it was found that notched beams made of concrete or mor-
tar exhibited a stable fracture. Thus the Nakayama method
is applicable to concrete. When the fractured specimens
were examined under the microscope, a pattern of cracking
was seen. This microcracking has been observed by many
investigators but so far no attempt has been made to
measure the extent of the microcracking.
Nakayama Method.
The theory behind the Nakayama method as explained by
Nakayama (13) is as follows:
When a specimen is subjected to three-point bending,
elastic energy is stored in both the specimen and the bending
apparatus. The total elastic energy Uo stored in the system
at the time of fracture initiation is given by
U = U + U (21)
o s a
where U = elastic energy stored in the specimen.
s
U = elastic energy stored in the apparatus.
a
If a hard beam machine is used, there is no energy stored
in the apparatus.
-26-
i.e., U =O
a
U =U
o s
Denoting the effective fracture energy by 2 eff., the
energy Uy required to separate the test piece with a cross-
sectional area, A, is given by
U t 2A feff. (22)
Since the elastic energy stored at the time of fracture
is dissipated by the fracture process, the difference
' U( =Uo - Uy ) gives an approximate criterion of the mode
of fracture. When A U)O, the mode of fracture is catas-
trophic because the excess energy must be consumed by other
forms of energy, e.g. the kinetic energy of fragments. If
A U < O the energy stored is not enough to complete the
fracture process and additional external work is required.
The mode of fracture may then be said to be stable.
Most brittle materials show catastrophic fracture in a
bending test, and a load-deflection curve as shown in Figure
5A is obtained. Although the total energy provided by the
external force can be determined from this curve, it contains
excess energy and determination of feff is impossible. By
introducing an artificial crack, Uo is markedly reduced, and
a semi-stable or stable fracture is expected (Figure 5B and
C). In these cases, the total energy expended as the exter-
nal work, U , is transformed into the fracture energy without
excess energy, and it can be calculated as the area under the
load-deflection curve.
-27-
Mechanism of Failure in Concrete.
Concrete has two basic mechanisms of failure: (1) ten-
sile or cleavage splitting normal to a plane, and (2) shear
slip along a plane. The mode of failure depends on the state
of stress. Under tensile states of stress, concrete has a
much lower resistance to tensile splitting and fails by
cleavage. As the applied state of stress becomes more com-
pressive, shear stresses are induced at the aggregate-paste
interface, and the shear bond mechanism comes more into play.
The shear type of bond crack tends to develop when the maxi-
mum shear stress along the aggregate-paste interface exceeds
the shear strength of the interface bond. This mechanism is
connected with sliding at the interface rather than with
separation. The shear bond strength has been shown to be
governed by Coulomb's internal friction law (25) and so is
dependent on the magnitude of the normal stress. The con-
tribution of cohesion was found to be very small.
It is expected that concrete would have different values
for G depending on the mode of failure, i.e., whether it is
c
a cleavage mode or a shear mode.
Griffith (29) extended his analysis to a material under
a biaxial state of stress. He showed that the presence of
small cracks can give rise to tensile stresses large enough
for fracture, even when the stress components are both com-
pressive provided they are unequal. Thus it would seem that
under complex states of stress, mortars and concretes fail
by the propagation of microcracks under a limiting local
tensile stress. This local tensile stress can be induced
under all states of stress except under hydrostatic or tri-
axial compression.
-28-
~_I~ 1^-(-~-~ ---I-
At failure of concrete under bi- and tri-axial stress,
all the mechanisms of failure come into play to varying de-
grees, depending upon the exact nature of the imposed stress
state. This is one of the reasons why attempts to develop a
general strength theory for concrete, either on the phenomeno-
logical level (such as the octahedral stress theory) or on
the structural level based on fracture mechanics have had
only limited success.
Crack Propagation in Cement Paste.
Kaplan has shown that the energy requirement for crack
propagation in cement paste is an order of magnitude larger
than the surface energy of the new crack surface, i.e., the
surface energy of tobermorite. Since cement does not exhibit
ductile properties, Glucklich (17) suggested that the in-
creased energy requirement for crack propagation in cement
paste is caused by the formation of a microcracking region
near the tip of the crack. The total crack surface is greater
than the area of the main crack surface and the total surface
energy is greater than that required to form only the main
crack.
When a notched cement paste specimen is subjected to an
increasing tensile stress (either by direct tension or flex-
ure), the stress-strain curve will be linear up to a point
when it departs from linearity. This marks the onset of
microcracking near the crack tip (21). The condition is
reached when the surface energy required for the main crack
and the microcracks is balanced by the strain energy released,
and the main crack begins to propagate. As the main crack
propagates, the size of the microcracking region and the
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energy required to form it increases. Thus it is possible
for the energy system to remain balanced, and the main crack
extends slowly. This slow crack growth continues until the
zone of microcracking reaches a limiting size, and rapid
crack propagation occurs. The stress intensity factor and
the strain energy release rate at onset of rapid crack propa-
gation are denoted by K and G respectively.
c c
Influence of Aggregates on Crack Propagation.
In concrete, the fracture process is more complex because
of the heterogenity of concrete. Lott and Kesler (12) sug-
gested that the fracture toughness of the concrete is depend-
ent on the fracture toughness of the cement paste and an ar-
resting function which depends on the properties of the
matrix and the aggregate. In most aggregates the surface
energy is higher than in the cement paste so when the crack
penetrates an aggregate the demand of energy is suddenly in-
creased. If the crack deviates around the aggregate, then the
demand is also appreciably increased because the actual surface
formed is much greater than the effective surface. The aggre-
gate also affects the elastic fields near the crack. Crack
development may be retarded when the effect of the aggregate
is a reduction in the stress intensity factor in the matrix.
This is possible only when the modulus of elasticity of the
aggregate is greater than that of the matrix, as is usually
the case. Increasing the aggregate size increases the crack-
arresting tendency, but increasing the spacing between the
crack tip and the aggregate paste interface decreases the
crack-arresting tendency (12). Thus the crack-arresting in-
fluence of the aggregate is increased by increasing the amount
and the size of aggregates.
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Cracks may occur or be initiated in concrete (1) at the
aggregate-paste interface, (2) in the cement paste or mortar
matrix (3) in the particles of aggregate. The point of
initiation of cracking will depend on the relative strengths
of the cohesive bonds at these three places. The tensile
bond strength of the aggregate-paste interface varies from
33 to 67% of the tensile strength of the paste depending upon
the type of aggregate and the water/cement ratio. The tensile
or flexural strength of strong natural aggregate is generally
the highest in the concrete mix. Thus bond failures at the
aggregate-paste interface will generally occur before failure
of either the paste matrix or aggregate particles. The aggre-
gate-paste bond strength is weaker for larger aggregates than
for small ones. Thus bond cracks occur first around the
large aggregates. Since the failure of concrete generally
occurs through bond failures of the aggregate-paste inter-
face and the paste, then the strength of the concrete will
depend on the bond strengths of the paste and the aggregate-
paste interface.
However in mixes made with strong rough textured aggre-
gate embedded in a strong paste matrix, a high degree of
mechanical interlock can sometimes cause fracture to occur
through the particles of coarse aggregate. A similar type
of failure can be expected if reaction between the aggregate
particle and the cement paste forms chemical bonds at the
interface. When lightweight particles are used, failure of
the aggregate particles in shear or cleavage predominates.
Crack Propagation in Concrete.
The study of cracking in concrete has been done by many
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investigators using techniques such as visual observation
of surface cracking, measurement of internal and surface
strains with gages and photoelastic coatings, changes in the
ultrasonic pulse Velocity, resonant frequency and damping
capacity, detection by acoustic methods of the noises ac-
companying cracking, and measurement of internal cracking
by examining sliced cross-sections and by use of x-ray
methods.
It is found that initial cracks exist in the concrete
even before it is subjected to any load (15). The orienta-
tion of the cracks suggest that some of them are caused by
segregation and others are caused by volume changes of the
paste during setting and hardening. These cracks are bond
cracks which exist at the aggregate-paste interface. Due to
volume changes in the paste tensile stresses exist at the
paste aggregate interface and bond cracks are formed.
The relationship between micro-cracking and the shape
of the stress-strain curve for concrete has been studied by
many investigators including Hsu et al (19) and Kaplan (23).
This relationship is illustrated in Figure 6. At loads be-
low about 30% of the ultimate load the increase in the bond
cracks is negligible. This corresponds to the nearly linear
portion of the stress-strain curve. At this stage, most of
the deformation is recoverable although a small amount of
creep does occur. As the load is increased the bond cracks
increase in length, width and number and the stress-strain
curve begins to depart appreciably from a straight line. At
about 70% of the ultimate load, the number of cracks through
the mortar begin to increase appreciably and by bridging be-
tween bond cracks, they begin to form continuous crack
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patterns and the volume of concrete under increasing com-
pressive load begins to expand rather than continue to con-
tract. The development of a continuous crack pattern does
not by itself lead to an immediate loss of load-carrying
capacity. This is because micro-cracked concrete constitutes
a highly redundant stable structure until the peak of the
stress-strain curve is reached. As certain load paths be-
come inoperative through cracking, others take their place.
However when a continuous crack pattern has developed ex-
tensively, the load carrying capacity of the concrete de-
creases and the stress-strain curve begins to descend.
The failure load of concrete can be regarded as that
load which results in fast propagation of the crack. Beyond
this load the system becomes un'stable, and the release of
strain energy is sufficient to make the crack self-propagat-
ing until the material is completely disrupted. Below this
load, the system is stable and the crack propagates slowly.
This slow crack propagation does not occur in a perfect homo-
geneous material and Glucklich (17) has pointed out that this
stable crack propagation is a direct result of the hetero-
genity of the concrete which permits the excess energy to be
released without complete disruption.
The average stress and strain levels at initiation of
fast crack propagation are fundamental properties of the
concrete or mortar and the load stage at which it occurs has
been termed as "discontinuity" by Newman (26). After dis-
continuity the material is no longer continuous and the laws
of mechanics, which depend upon the continuity of interaction
of small elements, can no longer be applied unconditionally.
Thus the discontinuity can be considered as the definition of
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failure of concrete. The discontinuity point is generally
taken as the point when the aggregate-paste cracks begin to
extend through the matrix. Continued application of the
load will cause the crack to extend slowly until the whole
structure is disrupted. Although the rate of crack exten-
sion is slow, it can be regarded as fast crack propagation
since failure eventually occurs. Concrete under long-term
loading has an ultimate strength of only about 75-80% of the
short term ultimate strength. Under a fluctuating or
repetitive load concrete can withstand about 50% of the ulti-
mate load. Thus the discontinuity point depends on the
method of loading.
Inelastic Behavior of Concrete.
All hardened cement pastes, mortars and concretes ex-
hibit inelastic or creep behavior under load, even at low
stress levels. The actual mechanisms of creep are still not
completely known and several attempts have been made to ex-
plain this in terms of the internal structure of hardened
paste.
In normal tests on concrete, creep plays quite a signi-
ficant role e.g. the stress-strain behavior and ultimate
strengths of concrete are affected by the rate of loading.
Rusch (28) has shown that at slow rates less than 1 lb./in. 2
/sec. creep strain becomes significant even at small propor-
tions of ultimate load. Thus the static modulus of elasticity
must be defined in terms of secant values at a certain stress
level and for a specific rate of loading.
-34-
PROCEDURE
The following is an account of the procedure used to de-
termine Yeff and Y for different materials.
Method of Attack.
Flexural tests were performed on neat cement, mortar and
concrete specimens. Two surface energies were calculated by
the Nakayama (13) method; the effective surface energy based
on a crack area equal to the nominal cross-sectional area of
the specimen, and a true surface energy based on the actual
crack area. The actual crack area was measured by quantita-
tive microscopy (21).
The extent of cracking at different stages of loading was
studied by examining under the microscope, specimens which
had been subjected to different stages of loading.
Materials.
Type I portland cement was used. Three different materi-
als were tested: neat cement paste, mortar and concrete.
1. Neat Cement Paste.
Three different water-cement ratios (by weight) were
used: 0.4, 0.5 and 0.7.
2. Mortar.
For the mortar mixes, a fine siliceous sand (C109)
with a fineness modulus of 1.72 was used. The proportion
of sand to cement by weight was kept constant at 4. Three
different water-cement ratios (by weight) were used: 0.4,
0.5 and 0.7.
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3. Concrete.
The concrete mix had fine and coarse aggregates as
shown by the gradation curves (Figure 7). The ratio of
aggregates to cement was kept constant at 4. Three dif-
ferent water-cement ratios were used: 0.4, 0.5 and 0.6.
Table I gives details of the mix designs.
Fabrication and Curinqg.
The cement paste, mortar and some of the concrete speci-
mens were cast in brass molds with notches on their sides.
The specimens were stored for 24 hours in the moist room at
100 per cent relative humidity, after which they were stripped
from the molds and stored under water until tested.
Some of the concrete specimens were cast in cardboard cyl-
inders. These cylinders were stored in the moist room at 100
per cent relative humidity for 24 hours, after which they
were stripped. They were then kept in the moist room until
one day before they were to be tested. Beams were cut from
the cylinders and notches were made on the sides of the beams
by a diamond-blade saw. The beams were stored under water un-
til tested.
Test Specimens.
Nominal dimensions of the cement paste and mortar speci-
mens were 1 x 1 x 12". The concrete specimens had two sizes:
those that were cast in molds were 2 x 2 x 18", while those
that were cut from cylinders were 1 x 1 x 12". All the speci-
mens had notches such that the ratio of the notch-depth to
the overall depth was 0.4. Those specimens that were cast in
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Mix Type Cement Sand Gravel Water
1 Neat Cement Paste 1 - - 0.4
2 " " " 1 - - 0.5
3 " " " 1 - - 0.7
4 Mortar 1 4 0.4
5 " 1 4 - 0.5
6 " 1 4 - 0.7
7 Concrete 1 1.7 2.3 0.4
8 " 1 1.7 2.3 0.5
9 " 1 1.7 2.3 0.6
Table I. Mix Properties.
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molds had V-notches with 30 degree angles on the mid-span.
* The notches were situated on the tensile faces of the speci-
mens. The specimens that were cut from cylinders had line-
notches which were cut on the tensile faces at mid-span.
Flexural Tests.
The specimens were tested in flexure with center-point
loading. The 1 x 1 x 12" specimens were supported on rollers
10 inches apart, while the 2 x 2 x 18" specimens were sup-
ported on rollers 15 inches apart. The load was applied at
a constant rate of .002 inches/min. for all specimens.
The testing machine used was an Instron universal testing
machine which is a relatively hard machine. This machine has
a plotter which automatically draws a load-deformation curve
as the specimen is being loaded. The area under such a curve
gives the amount of energy expended in fracturing the speci-
men. This area is measured using a planimeter.
Determination of Fracture Surface Energy.
Among the different methods of measuring the surface
energy, Nakayama's method was selected for the following
reasons:
1. It is applicable to such heterogeneous materials as
concrete.
2. It affords a direct computation of the input energy
from the load-deflection curve.
3. The specimens required for this method are easy to
prepare.
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4. Quantitative microscopy can be applied for the de-
termination of the fractured surface area.
Nakayama's method required the use of a rigid testing
machine such as the Instron machine.
Determination of Crack Area.
In an ideal brittle material the fracture surface area
can be taken to be the same as the cross-sectional area of
the specimen. However, in a heterogeneous material such as
concrete, the above is no longer true, and a knowledge of the
area of the fractured surface is required. This fractured
surface area can be determined by a quantitative microscopic
technique developed by Smith and Guttman (21). This method
involves counting the number of intersections of the cracks
with planes of known area or lines of known length, oriented
and located at random.
A. Theory.
Smith and Guttman (21), using the viewpoint of geometric
probabilities, were able to show that the average number of
intercepts per unit length of a random line drawn through a
three dimensional structure is exactly half the ratio of sur-
face area to volume. Stated mathematically, this means:
Sv = 2-LP. (23)
where $v = surface area per unit volume
P = number of intersections per unit lengthL of test line
The above equation is true when the cracks are randomly
oriented and must be modified if the cracks deviate from
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being purely random. If the cracks show some degree of pre-
ferred orientation, there is a factor between one and two
that relates PL to VS . Since the tested beams showed a
preferred orientation, the relationship between P and Sv is
modified to read
sv - (24)
B. Procedure.
The fractured specimens were joined together with epoxy
and the microscopic samples were cut from the interior of the
sample so that the microscopic measurements were made on
cracks which were not near the surface during testing. The
surface of the specimen was polished and the crack area in
the sample was measured on a microscope in the following way.
1. An eyepiece was placed in the microscope which had a
reticle with a line drawn across the field of view.
2. The effective length, L , of the reticle line was
measured by placing a ruled microscope standard in place
of the sample.
3. The number of intersections of visible cracks with the
test line in the eyepiece was counted.
4. The sample was randomly positioned a large number of
times, N, typically N = 50, and the number of intersec-
tions is recorded at each position.
5. The total number of intersections, I, was divided by
the total length of test line NL , to give PL
I
i.e., PL (25)
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6. The test volume, V, was taken to be a standard size
and thus the crack area in this volume was given by P VL
from equation 24.
Using this technique the initial crack area A. and the
final crack area Af, were measured from untested and tested
samples respectively. The new surface area,A A, in the test
volume, V, is given by d A = A f-A..
The surface energy can then be determined from the re-
lationship
2t A (26)
where U is the measured work done to fracture the sample.
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RESULTS AND DISCUSSION OF RESULTS
In the following pages, the different methods used to
determine the surface energy Y , the critical stress inten-
sity factor K c, and the critical strain energy release rate
G are compared. The effects of curing period, water/cementC
ratio, method of preparation and side-cracking on the sur-
face energies of neat cement paste, mortar and concrete are
also discussed.
Comparison of Methods for Determining the Fracture Mechanics
Parameters ( ', G and K ).
c c
The surface energy Y, critical strain energy release
rate G and critical stress intensity factor K for neat
c c
cement paste, mortar and concrete were obtained from notched
beams tested in flexure with center-point loading. Y was
obtained by Nakayama's method (13), Gc by Kaplan's stress
method (8) and Kc by Lott and Kessler's method (12).
To determine G and K , a knowledge of the modulus of
c c
elasticity E was required. This was obtained from flexural
tests on unnotched beams. Due to the difficulty of bonding
strain gages to wet beams, the use of strain gages was dis-
carded. Instead, the modulus of elasticity was calculated
from load-deflection curves. The variation of E with curing
time is shown in Figures 8 and 9.
Using these values of E, G and K are calculated andC c
they are tabulated in Table 2. These values are for neat
cement paste, mortar and concrete with a water/cement ratio
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21 2 E
(CONCRETE)
Curing Period
(Days)
(Nakayama)
(in.lb/in2 )
G (Kaplan)
(in.lb/in2 )
(Lott-
K Kesler)c
lb.in -3/2 lb.in - 3 /2
3 .0199 .0202 116 102
7 .0224 .0233 130 116
14 .0266 .0286 150 132
28 .0241 .0268 151 133
3 .024 .022 123 108
7 .027 .0245 137 120
7 .0183 .0478 206 180
14 .0182 .0514 219 192
28 .020 .0547 233 204
Table 2. Fracture Mechanics Parameters.
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of 0.5. Noting that Y =G4/ 2 , the values of Y obtained by
the Nakayama and Kaplan methods are compared. For neat ce-
ment paste, ' obtained by the Kaplan method is consistently
47% lower than that obtained by the Nakayama method. It was
observed that the neat cement paste specimens fractured in
an unstable manner. The surface energy Y calculated by the
Nakayama method is high since it contains excess energy not
related to the formation of new surfaces. (See Figure 10.).
For mortar, I obtained by the Kaplan method is about
55% lower than that obtained by the Nakayama method. ' ob-
tained by the Nakayama is again high. The mode of fracture
was stable and so the energy computed is the energy expanded
in the formation of new surfaces. However, the actual crack
surface formed is larger than the nominal cross-sectional
area of the beam because the crack does not travel in a
straight line through the mortar specimen. Instead the
crack has a meandering path and tends to go around the aggre-
gates rather than through them. No account was taken of this
crack pattern in the Nakayama method, and so the calculated
values of ' are excessive.
For concrete Y obtained by the Kaplan method is about
37% higher than that obtained by the Nakayama method. For
concrete, the mode of fracture was stable, and the actual
crack area, as obtained by quantitative microscopy, was used
in the calculation of ' by the Nakayama method. Thus it
can be assumed that the values of X obtained by the Nakayama
method are correct. The values of Y obtained by the Kaplan
method are subjected to error because no account was taken
of slow crack growth prior to instability. The slow growth
of crack would affect the results obtained by the Kaplan
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method in that the depth of notch at instability is then larg-
er than the original notch-depth. From quantitative micros-
copy on concrete specimens it was found that the ratio of
crack area at instability to the crack area at fracture is
about 0.6, which is higher than the original notch-depth to
overall depth ratio of 0.4. As an approximation, the ratio
of notch-depth to overall depth at instability may be taken
as 0.6. This would have the effect of increasing the G
c
values by about 8%. This would further increase the dis-
crepancy between the Nakayama and the Kaplan methods. How-
ever there is one factor which is not taken into account in
the Kaplan method, and that is the side-cracking. In the
Kaplan method, it is assumed that there is only the main
crack and that there are no side-cracks away from the main
crack. If the total length of the side-cracks is taken into
account, then it would be expected that G calculated by the
Kaplan method would be reduced.
The Nakayama method is considered to be a more suitable
method than the Kaplan method for the measurement of Y for
concrete because in the Nakayama method, the energy required
to break the specimen is measured directly, and both Y and
Seff. can be calculated. Moreover calculated by this
method is not affected by the slow growth of crack prior to
instability. However it should be noted that the Nakayama
method can only be used when the mode of fracture is stable.
It was found that the method proposed by Lott and Kessler
for determining K agrees quite well with that obtained from
c
the relation K = . The second method gives results
c "
which are consistently 13% lower than Lott and Kessler's
method for neat cement paste, mortar and concrete. The two
-48-
250
200 _, ... ... _"
S15
oneat cement paste
Amortar
o 50 _ oconcrete
/
0 50 t 00 150 200 250
Kc (Lott&Kessler) lb.in
3 / 2
Figure 11.COMPARISON OF K
c
-49-
methods are similar and the theories behind them are based on
similar stress analyses. (Figure 12)
Kaplan (8) computed the surface energy of tobermorite,
which comprises about 75% of hydrated portland cement, to be
.0022 in. lb. per sq. in., and the surface energy of mortar
to be .0046 in. lb. per sq. in. The surface energy of mortar
was obtained from the surface energies of tobermorite and
silica. However this is incorrect because the crack does not
go through the aggregate and so the surface energy of silica
has no effect on the surface energy of the mortar. The val-
ues of Y calculated by the Nakayama and Kaplan methods are
an order of magnitude higher than the above values for cement
and mortar. Kaplan (8) obtained values for mortar which were
12 times higher than the theoretical values. The excess energy
may be dissipated as the energy used to form a zone of micro-
cracks around the main crack. When examined under. the micro-
scope at 500X magnification, no micro-cracks were seen. It
is also possible that the excess energy may be dissipated in
plastic flow in the region around the main crack.
Extent of Side-Cracking.
The extent of side-cracking was measured by quantitative
microscopy. It was found that the fractured neat cement and
mortar specimens do not exhibit any side-cracking. However
side-cracking does develop in the concrete specimens during
the fracturing. The total area of this side-cracking can be
as high as 12 sq. in. or 20 times the nominal cross-sectional
area of the beam. Cracks exist in the specimen even before
it is subjected to any load. These cracks are mainly aggre-
gate-paste interface bond cracks as shown in Figures 12 and
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BOND CRACK (X200)
..13. As the load is gradually increased the area of side-
"cracking increases. In Figure 14 the area of side-cracks is
measured at different stages of loading. It can be seen that
the crack area increases significantly even-after the maximum
load is reached. At the higher loads when the concrete ap-
proaches failure, matrix cracks are formed which connect the
.aggregate-paste interface bond cracks (see Figures 15, 16 '
and 17). The cracks rarely extend into the-aggregates be-
cause the aggregates have a higher surface energy than the
matrix and the aggregate-paste interface..
In the neat cement paste specimens the crack extends
through the specimen in a straight line. However for mortar
and concrete, the crack does not extend through the specimen
in a straight line. Instead, it has a meandering path (Fig-
, .ure 18) and tends to go around the aggregates rather than
through them (Figure 19) because of the: crack-arresting
-action of the aggregates.
The side-cracks and the meandering path of the main crack
-'.Cause the energy demand for crack propagationto be increased
-v 4ince the area of new crack surfaces formed is greater than
S.at tof a main crack which travels in a straight line as in
}{ th e case of neat cement paste. This stabilizes the crack
growth and results in a greater curvature of the descending
- jrtion of the °load-deflection curve. Since the side-crack-
J is due to the influence of the aggregates, then the change
. 1,the mode of fracture from unstable to stable fracture can
also be attributed to the presence of aggregates. This is
v erified by the load-deflection curves for neat cement paste,
mortar and concrete (see Figure 20). The mode of fracture
changes from unstable to semi-stable to stable as the aggregate
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content changes from no aggregate (neat cement paste) to fine
aggregate (mortar) to coarse aggregate (concrete). Since the
percentage (by weight) of aggregate is the same for the mor-
tar and concrete, then the change from semi-stable to stable
fracture can be attributed to the increased size of the aggre-
gates.
When the mode of fracture is unstable, the descending
portion of the load-deflection curve is vertical and no energy
is required for crack propagation after the maximum load is
reached, i.e., the crack is self propagating. Conversely,
when the mode of fracture is stable, the descending portion
of the load-deflection curve is curved and additional energy
is required for crack propagation after the maximum load is
reached. The stable fracture in concrete is analogous to
plastic flow in metals. Although the actual mechanism is dif-
ferent, they have the same effect in that the ductility is in-
creased. This is advantageous in concrete structures because
the large deformations and the development of extensive cracks
before final failure gives warning of impending failure.
Effect of Side-Cracking on Surface Energy.
The direct effect of side-cracking and the meandering
path of the main crack is to increase the area of the new
crack surface formed. For neat cement paste specimens, there
is only one main crack and this travels in a straight line.
Therefore the crack surface formed is equal to twice the
nominal cross-sectional area of the beam, i.e., 1.2 sq. in.
For mortar, there are no side-cracks but the main crack does
not travel in a straight line. Consequently, the new crack
surface formed is greater than twice the nominal cross-
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sectional area of the beam. Assuming that the aggregate par-
ticles are closely-packed, then the length of the crack is
increased by a factor of -i or 1.57 if the crack travels
around the aggregates instead of in a straight line. How-
ever in the calculations of surface energy, the crack surface
formed is assumed to be twice the nominal cross-sectional
area. For concrete, there are side cracks and the total
crack surface formed is determined by quantitative microscopy.
It is found that the new crack surface formed is about 7.5
sq. in. or 12 times the nominal cross-sectional area of the
beam.
Since the crack surfaces formed in mortar and concrete
are larger than that of neat cement paste for the same speci-
men size, then it is expected that more energy is required to
break mortar and concrete specimens than neat cement paste
specimens if they are all of the same size. The experimental
results confirm this. If the effective surface energy Y eff.
is defined as the energy required to break a specimen of unit
cross-sectional area, then the results show that eff. of
concrete is about 6 times higher than that of neat cement
paste and 2.5 times higher than that of mortar. This means
that the effect of the aggregates is to increase the tough-
ness, i.e., the energy required to break the specimen, with-
out appreciably affecting the strength.
For neat cement paste and mortar there are no side-cracks
and so the effective surface energy and the true surface
energy are equal, i.e., Yteff. = " . Concrete does have
side cracks and if the real surface energy is calculated
based on the energy required to form unit area of actual
crack surface, it is found that geff. = 7 .5d as shown in
Figure 21.
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Typical values of the surface energies are shown diagram-
matically in Figure 22. for neat cement paste, mortar and
concrete are approximately equal. This agrees with the com-
monly held theory that the strengths of concretes and mortars
are dependent only on the strengths of the paste and the aggre-
gate-paste interface bond (since the aggregate does not fail).
Since the aggregate-paste interface bond is weaker than the
paste, then X for concrete and mortar should be smaller than
for the neat cement paste. The results show that d for
concrete is in fact lower than d for the neat cement paste.
However for mortar Y is higher than that of the paste. This
is because for mortar, ' is assumed to be the same as eff.,
i.e., the main crack is assumed to be straight. If the mean-
dering path of the crack is taken into account, the length of
the crack is then calculated to be greater by a factor of
1.57. This would bring the Y of mortar closer to the of
neat cement paste.
Effect of Method of Preparation of Beams.
In Figure 23, Y eff. for 2 x 2 x 18 in. concrete beams
are compared with those for 1 x 1 x 12 in. beams. The smaller
beams gave values of eff. which were 30% and 50%/ lower than
those of the larger beams, depending on the water-cement ratio.
This might be due to the method of preparation of the beams.
There are planes of weakness in concrete due to the collection
of water under the aggregates. In the smaller beams which are
cut from cylinders, the planes of weakness are in the direction
of the crack propagation. However in the case of the larger
beams which are cast on their sides, the planes of weakness
are perpendicular to the direction of crack propagation and
so they are stronger. To show that this size effect is not
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because there are more cracks in the larger specimens, the
crack areas of both the larger and smaller specimens are
measured by quantitative microscopy. It is found that both
types of specimens have approximately the same crack area
per unit volume.
Kaplan (8) observed 38% lower values of G for smallc
beams than for large beams. He suggested that this discrep-
ancy might be due to the effects of slow crack propagation
prior to instability and also due to shear. Shear would
cause the failure mechanism to deviate from being purely
cleavage. The span-depth ratio for the small and large beams
are 10 and 7.5 respectively, and so shear has a greater effect
in the small beams.
Notches were introduced into the smaller beams by sawing.
There are essentially two kinds of notches: those that end
in the matrix and those that end in the aggregate. Y and
*eff. obtained for the second case are twice as high as
those obtained for the first case. This is because much more
energy is required to cause the crack to initiate through the
aggregate than through the matrix. The results obtained from
notches that end in the matrix are used in the analysis since
this is the case for all the other beams which are cast with
notches.
Effects of Curing Period and Water-Cement Ratio on Side-
Cracking.
In concrete, the curing period and water-cement ratio
have no effect on side-cracking. The area of new crack sur-
faces formed varies from 8 to 9.2 sq. in. without any notice-
able trend. It is considered that the quantitative microscopy
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technique is quite good since two consecutive measurements of
the same specimen give results which agree to within 15%.
Effect of Curing Period on Surface Energy.
The effects of curing period on the surface energy are
shown in Figures 24 - 27 for neat cement paste, mortar and
concrete. For mortar and concrete, both 2 eff. and in-
creases with increasing curing period for all water-cement
ratios, and approach their maximum values at about 28 days.
The surface energy curves are similar to the strength curves
in that the slope of the cruves decrease with increasing cur-
ing period. For neat cement paste, the surface energy ap-
proaches a maximum value at about 14 days after which it de-
creases. This might be due to the fact that the cement be-
comes increasingly more brittle with increasing water curing
time as shown in Figure 28, where the mode of fracture be-
comes more unstable with increasing curing period, and less
energy is required for fracture.
is related to G by the relation G = 2 . But G
c c c
is a function of stress, modulus of elasticity and notch-
depth (Equation 15) i.e., G = f(6 C_ ).
c
Differentiating w.r.t. time
dcff d d ct t + C
For constant notch-depth, ce = O
.Also 01G i o
This assumption is valid since the stress G' reaches a
maximum value before E (see Figures 8 and 29).
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But is negative.
d6c is negative for large values of t until E reaches
a maximum value and 0 = O . The above is valid only for
neat cement paste since the stress does not reach its maxi-
mum value so early in mortars and concrete.
Effect of Water-Cement Ratio on Surface Energy.
The effect of water/cement ratio on the surface energy is
shown in Figures 30-33. In general, there is a decrease of
surface energy with increasing water/cement ratio in the
range of water/cement ratios tested. All the beams tested
after different curing periods show the same trend. This is
analogous to the decrease in strength with increasing water-
cement ratio.
In mortar there is a slight departure from this general
trend. The surface energy reaches a maximum value at a water-
cement ratio of about 0.5 before it decreases with increasing
water/cement ratio. Concrete does not show this maximum sur-
face energy in the range of water/cement ratios tested
(W/C = 0.4 to 0.6). However from the shape of the curve, it
seems likely that the maximum surface energy is reached at a
water-cement ratio a little lower than 0.4 i.e., just outside
the range of water-cement ratios tested.
The optimum water/cement ratio to produce the maximum sur-
face energy should be used when designing mixes, since at this
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water/cement ratio, the concrete, mortar or neat cement paste
possess the desirable qualities of high strength and great
toughness.
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CONCLUSIONS
Different methods were used to determine , G and K
c c
It was found that the Nakayama method is the most suitable
because it allows the computation of both Y and eff. and
it is not affected by slow crack growth prior to instability
which is the main cause of error in the other methods. How-
ever the Nakayama method should only be used when the mode
of fracture is stable, and the actual crack surface formed
should be taken into account. Y and Yeff. are calculated
for neat cement paste, mortar and concrete.
The results indicate:
1. The values of Y obtained were an order of magnitude
higher than those predicted from a consideration of
for tobermorite.
2. The fractured neat cement paste and mortar specimens
did not have any side-cracks apart from the main crack.
The fractured concrete specimens had side-cracks whose
total area was an order of magnitude higher than the area
of the main crack.
3. Quantitative microscopy can be used for measuring the
area of crack surfaces formed. It gives consistent re-
sults which agree to within 15%.
4. Neither the curing period nor the water-cement ratio
had any effect on the area of the side-cracks,providing
that the specimens were tested immediately after curing.
5. The area of crack surfaces formed increased with in-
creasing load. Cracks of area 2.5 sq. in. existed in the
concrete specimen (1 sq. in. cross-sectional area) even
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before it was subjected to any load.
6. For neat cement paste and mortar Y and ) eff. were
the same. For concrete X eff. was about 7.5 times
higher than Y5 because of the side-cracking.
7. The mortar and concrete specimens showed an increase
of Y and 'eff. with increasing curing period. The
neat cement paste specimens reached a maximum Y at
about 14 days after which they decreased in value.
8. All the specimens showed a maximum Y and Y eff. at
an optimum water-cement ratio after which Y and ' eff.
decreased with increasing water-cement ratio.
9. The energy required to break a concrete beam of a
given cross-section is about 6 times higher than that re-
quired to break a neat cement paste beam, and about 2.5
times higher than that required to break a mortar beam
of the same cross-section, i.e., YK eff, for concrete
= 6 times Y eff. for mortar = 2.5 times '1 eff. for
neat cement paste.
10. The ductility and toughness of neat cement paste are
increased by the presence of aggregates.
11. The true surface energies of neat cement paste, mor-
tar and concrete are approximately equal.
Further research is necessary to find out why the surface
energy of neat cement paste is an order of magnitude higher
than that of tobermorite. The effects of variations in aggre-
gate content, specimen size and method of testing on ' and
Y eff. also need to be studied more extensively.
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APPENDIX 1.
The average values of the surface energies of neat cement
paste, mortar and concrete for different water/cement ratios
and curing periods are tabulated below.
Curing 2eff. (in.lb/in 2
Period
(Days) W/C = .4 W/C = .5 W/C = .7
4 .0325 .0199 .0173
7 .0390 .0224 .0191
14 .0479 .0262 .0245
28 .0426 .0241 .02103
Table 3. 'Yeff. of Neat
Cement Paste
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APPENDIX 1. (Continued)
Curing Yeff. (in.lb/in 2
Period
(Days) W/C = .4 W/C = .5 W/C = .7
3 .0190 .0241 .0118
7 .0235 .0040 .0360
14 .0337 .0562 .0436
21 .0341 .0583 .0465
28 .0343 .0613 .0478
Table 4. Yeff. of Mortar
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APPENDIX 1. (Continued)
Curing eff. (in.lb/in 2 )
Period
(Days) W/C = .4 W/C = .5 W/C = .6
3 .198 .171 .111
7 .296 .234 .164
14 .284 .269 .172
28 .310 .293 .208
Table 5. Y eff.
(2
of Concrete
x 2 x 18")
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APPENDIX 1. (Continued)
Curing Surface Energy (in.lb/in
2
Period
(Days) W/C = .5 W/C = .6
Yeff. Yeff. e
7 .129. .0183 .119 .0179
14 .139 .0182 .129 .0189
28 .148 .020 .135 .0198
Table 6. land Yeff. of
Concrete
(1 x 1 x 12")
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